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1 Introduction 
It has been suggested that event-related potentials 
(ERPs) reflect neural activity related to attention 
and memory updating of discrete events. In order to 
elucidate the neural mechanism underlying these 
cognitive processing, there have been numerous 
studies by non-invasive studies in normal subjects 
as well as invasive studies in patients with epilepsy 
and focal cerebral lesions [1–3]. Several 
intracranial depth recordings for localizing the 
epileptogenic foci in patients with intractable 
partial epilepsy provided some evidence to support 
that P300 is generated at least from the 
hippocampus and amygdala [4, 5]. The studies with 
focal lesions suggest that the scalp-recorded P300 
may represent the summation of the activities 
arising from a number of different generators, and 
that the potential generated in the medial temporal 
area is not the only source of the scalp-recorded 
P300. The possible sources of event-related 
magnetic fields (ERFs) recorded in an auditory 
oddball paradigm, corresponding to P300, have 
been suggested multiple regions including the 
hippocampus [6–9]. This study was carried out to 
clarify the neural mechanism and the role of the 
hippocampus in the auditory cognitive processing 
in normal subjects as well as in patients with 
intractable temporal lobe epilepsy before and after 
surgical treatment.  

2 Methods 
2.1 Subject 
Eight healthy volunteers (aged 21–37 years, mean 
28) participated in the present study. Data were 
obtained from 12 patients (aged 19–47 years, mean 
29), with the diagnosis of medically intractable 
temporal lobe epilepsy according to the criteria of 
International Classification of Epilepsies and 
Epileptic Syndromes. Age of seizure onset was 
2–20 years (mean 10.3 years), and the duration of 
clinical course after the first seizure was 7–40 years 
(22.2 years). All patients have been treated with 
some anticonvulsants, which were left unchanged 
after surgery. Head MRI revealed arteriovenous 

malformation (AVM), cavernoma, calcification and 
cystic lesion each in one patient and sclerosis or 
atrophy in 7 patients, all in the mesial temporal lobe. 
In the remaining patient, a cystic lesion was seen in 
the inferior lateral temporal lobe. Selective 
amygdalohippocampectomy (SAH) was performed 
in 2 patients, selective hippocampectomy (SH) and 
inferolateral temporal resection (ILTR) in one each, 
and standard temporal lobectomy (STL) in the 
remaining 8 patients. ERF were recorded in 3 
patients and ERP in 6 before surgery (3 days to 6 
months), and in 10 after surgery (4 months to one 
year). An informed consent was obtained from each 
normal volunteer and patient after the full 
explanation about the purpose of this study. These 
research were done in accordance with the 
guidelines of the Ethics Committee of Kyoto 
University Faculty of Medicine. 

2.2 Experimental paradigm 
Subjects were seated in a chair in a quiet for the 
ERP recording and magnetically shielded room for 
the ERF recording, and were requested to fixate a 
target mark placed 2 m in front of them and to keep 
still during the measurement. A auditory oddball 
paradigm was employed as a stimulus sequence, in 
which the tones of either 1 kHz (non-target, 80%) 
or 2 kHz (target, 20%) were delivered binaurally. 
The duration of each tone was 50 ms (10 ms 
rise/fall time and 30 ms plateau). The order of tone 
presentation was randomized, and the rate of 
stimulus presentation was once per 2.2 s on the 
average (2.0–2.4 s). The tones were delivered from 
small speakers placed at a distance of 5 cm from 
the dewar of MEG, and were led to the subjects 
through plastic tubes and ear pieces which fitted 
firmly into the external ear canal for the ERF 
recording, and through the headphone for the ERP 
recording. The intensity of both tones was adjusted 
to 85 dBSPL, as measured at the exit of the plastic 
tube. The subject was requested to count the 
numbers of target stimuli silently and to report the 
total number at the end of each session. 
 



2.3 Data acquisition 

EEGs were recorded from 20 shallow cup 
electrodes, according to the International 10–20 
System, T1 and T2, with the impedance less than 
5 kΩ. A monopolar electro-oculogram (EOG) was 
monitored with an electrode placed below the right 
outer canthus. All electrodes were referenced to a 
balanced non-cephalic electrode (BNE). EEG and 
EOG signals were filtered by a bandpass of 
0.05–100 Hz (–3 dB), and the sampling rate used 
for digital conversion was 500 Hz. Analysis 
window for the on-line averaging was from 100 ms 
before to 900 ms after each stimulus onset. All ERF 
measurements were performed with a 122-channel 
neuromagnetometer with simultaneous EEG 
recording in all subjects from electrodes placed at 
Fz, Cz, Pz and Oz. To monitor eye movements and 
blinks, EOG was recorded with the same positions 
as those in the ERP recording. The recording 
bandpass was 0.03–100 Hz for MEG, and 
0.07–120 Hz for EEG and EOG, and the sampling 
rate for digital conversion was 404 Hz for both. 
Analysis window for the on-line averaging was 
from 200 ms before to 800 ms after each stimulus 
onset. Responses were averaged on-line with 
respect to the onset of target and non-target stimuli 
separately. In order to confirm the reproducibility 
of the responses, at least 3 blocks were recorded in 
each session for every subject. Within each session, 
the response to the first target stimulus was 
excluded from the on-line average to avoid the 
startle effect. The epochs with the amplitudes 
exceeding 1500 fT/cm for MEG and 100 µV for 
EEG and/or EOG were automatically excluded 
from the averaging. When any sessions were 
contaminated with excessive artifacts such as eye 
movements and noise in any of the channels or if 
the subject was found to be drowsy, those sessions 
were excluded from the following analysis, and 
additional sessions were done. 

2.4 Data analysis 

2.4.1 Identification of waveforms 
After confirming the reproducibility of the 
averaged MEG and EEG waveforms among 
recording blocks for each subject, averages for each 
session of target and non-target stimuli were 
obtained. Each subject's averaged data were 
digitally low-pass filtered at 40 Hz prior to analysis. 
P300 was determined as a positive deflection seen 
at Cz or Pz at a latency between 250 and 600 ms 
after the target stimuli. The magnetic deflection 
corresponding to P300 (M400) were detected 
during the same time interval in the MEG channels. 

Amplitude measurement was done from a baseline 
determined by averaging the 100 ms segment 
before the stimulus onset. 

2.4.2 Generator source analysis 
Generator sources were analyzed by a time-varying 
multidople model discussed in the previous study [8, 
9]. The source of the electric current was modeled 
as an equivalent current dipole (ECD), whose 
location, orientation and current strength were 
estimated from the measured magnetic waveforms. 
The single spherical head model was adopted for 
identifying the source of the ECD underlying the 
measured magnetic waveforms for each subject. 
The center of this head model was determined for 
each subject following a previously reported 
method [10]. The ECDs that best explained the 
most dominant source were determined by the least 
squares search using a subset of channels consisting 
of 20–30 channels. For each subset of channels, 
ECDs were calculated for every 1 ms segment over 
the time period of 50 ms containing the peak 
latency of M400. Only the ECDs which fulfilled the 
following criteria were adopted; (1) g-value above 
80%, and (2) confidence volume below 300 mm3. 
Finally, according to the alignment of the MEG and 
MRI coordinate system, the estimated ECDs were 
superimposed on each subject's own head MRIs 
obtained with a 1Tesla Siemens Magnetom system. 

3 Results 
Target stimuli elicited P300 between 300 and 400 
ms after the stimulus onset, with maximum 
amplitude at Cz or Pz with a symmetrical scalp 
topography in the normal subjects as well as the 
patients before surgery (Figure 1, left). After 
surgery, the amplitude of P300 at Cz and Pz did not 
differ significantly from those in the normal 
subjects and before surgery, while that over the 
anterior lateral area on the resected side is 
attenuated (Figure 1, right, arrow) 

 
Figure 1: Scalp topography of P300 in the normal 
subjects as well as the patients before surgery (left) 
and after surgery (right).  
 



Magnetic deflection were observed between 350 
and 480 ms over the lateral channels on each 
hemisphere (M400) in the normal subjects (Figure 
2). There were no significant differences in the 
latency of M400 among regions.  

 
Figure 2: Group averaged waveforms of target 
(solid lines) and non-target (dotted lines) responses 
in one normal subject. The selected channels are 
magnified on each side. Arrow shows M400. 

 
Figure 3: Locations of ECDs for M400 
superimposed on the subject's own MRI in a normal 
subject. Black bars indicate the direction and 
strength of each dipole. 

By a time-varying multidipole model, three ECDs 
for M400 were detected on each hemisphere; one 
each in the medial temporal, superior temporal and 
inferior parietal regions in normal subjects 
(Figure 3). 
In two out of 3 patients who were recorded before 
surgery, M400 were evoked at the similar lateral 
channels to those in the normal subjects, and ECDs 
were detected in the same 6 regions as those in the 
normal subjects. In the remaining patient, M400 
was not detected although P300 was evoked by the 
target stimuli. There were no significant differences 
in the latency of M400 between in the normal 

subjects and in the patients, and those between 
before and after surgery. In three patients after 
either SH or SAH and in seven patients after STL, 
M400 was detected on the superior temporal and 
parietal areas on each hemisphere and in the 
anterior temporal area on the intact side but not on 
the operated side (Figure 4 left). M400 was 
estimated on the similar areas in the patient with 
ILTR to those seen in the normal subjects. In 
patients after SAH, SH and STL, ECDs were 
detected in the superior temporal and parietal 
regions bilaterally and in the mesial temporal 
region only on the intact side (Figure  4 right). In 
the patient who underwent left ILTR, all ECDs 
were detected in the similar regions to those seen in 
the normal subjects. 

 
Figure 4: (left) Group averaged waveforms of target 
(solid lines) and non-target (dotted lines) magnetic 
responses in a patient after SAH. M400(arrow) was 
not observed only over the anterior lateral channels 
on the operated side. (right) ECD for M400 (white 
circle)was not detected only on the mesial temporal 
area on the resected side. White arrow shows the 
resected area. 

4 Conclusions 
These results suggest that distributed activity in 
multiple structures including the hippocampus, 
superior temporal and inferior parietal regions on 
both hemispheres is engaged during auditory 
processing and memory encoding, and that the 
hippocampus contributes to the scalp-recorded 
P300 only at the corresponding anterior temporal 
region and does not influence its general waveform 
and predominant distribution over the scalp. 
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